A cytotoxic enterotoxin (Act) of Aeromonas hydrophila possesses several biological activities, and it induces an inflammatory response in the host. In this study, we used microarrays to gain a global and molecular view of the cellular transcriptional responses to Act and to identify important genes up-regulated by this toxin. Total RNA was isolated at 0, 2, and 12 h from Act-treated macrophages and applied to Affymetrix MGU74 arrays, and the data were processed using a multi-analysis approach to identify genes that might be critical in the inflammatory process evoked by Act. Seventy-six genes were significantly and consistently upregulated. Many of these genes were immune-related, and several were transcription factors, adhesion molecules, and cytokines. Additionally, we identified several apoptosis-associated genes that were significantly upregulated in Act-treated macrophages. Act-induced apoptosis of macrophages was confirmed by annexin V staining and DNA laddering. Quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) and enzyme-linked immunosorbent assay were used to verify increased expression of some inflammatory and apoptosis-associated genes identified by the microarray analysis. To further confirm Act-induced increases in gene expression, real-time RT-PCR was also used for selected genes. Taken together, the array data provided for the first time a global view of Act-mediated signal transduction and clearly demonstrated an inflammatory response and apoptosis mediated by this toxin in host cells at the molecular level.
children and adults (1) . These bacteria have been isolated from freshwater, salt water, and a variety of foods and are frequently isolated from patients with diarrhea and wound infections. Aeromonas spp. produce an impressive array of virulence factors, including hemolysins, cytotonic and cytotoxic enterotoxins, proteases, lipases, leucocidins, endotoxin, adhesions, and an S-layer (2-4). Our laboratory isolated and molecularly characterized an aerolysin-related cytotoxic enterotoxin (Act) from Aeromonas hydrophila that possesses several biological activities (5) . Act causes lysis of red blood cells, is cytotoxic to intestinal and non-intestinal cells, evokes intestinal fluid secretion, and is lethal in nanogram quantities (27 ng) when injected intravenously into mice (2, 5, 6) . In subsequent studies, we demonstrated for the first time that Act up-regulated the expression of genes encoding proinflammatory cytokines (tumor necrosis factor-␣ (TNF-␣), interleukin-1␤ (IL-1␤), and interleukin-6 (IL-6)) and the inducible nitric-oxide synthase gene in murine macrophages. Act activated arachidonic acid metabolism via the induction of group V phospholipase A 2 (PLA 2 ) and cyclooxygenase-2 (COX-2), resulting in the production of prostaglandin E 2 (PGE 2 ). Act also up-regulated cellular cAMP concentration, which, along with PGE 2 , contributed to the enterotoxic response associated with Act (7) .
More recently, we demonstrated in macrophages that Act induced the rapid mobilization of calcium from intracellular stores, as well as an influx of calcium from the extracellular medium. The rise in intracellular calcium modulated the production of TNF-␣ and PGE 2 via activation of NF-B (7, 8) . In addition to activation of NF-B, Act treatment of macrophages resulted in activation of the transcription factor cyclic AMPresponse element-binding protein (CREB). Taken together, the data demonstrated a direct role for Act in the induction of the host inflammatory response, which was confirmed in vivo (6) .
The induction of key inflammatory mediators seen in Acttreated macrophages might result from involvement of Act in one or more signal transduction pathways (8) . Act binds to cholesterol, which could target the toxin to lipid rafts and initiate signaling (5) . Our investigation of macrophage stress response factors showed that Act caused activation of kinase cascades (tyrosine kinase and protein kinase A), induced redox stress factors (Ref. 1) , and increased reactive oxygen species (ROS) production (8) . Interestingly, Act also induced the antiapoptotic protein Bcl-2 in murine macrophages (7) . Act treat-ment of macrophages causes cell death, which is both dose-and time-dependent, and up-regulation of Bcl-2 suggests that apoptosis may be the mechanism of cell death or an attempt by the cell to avert apoptosis triggered by stress (9, 10) . The present study demonstrated that Act indeed evoked apoptosis in macrophages, and we identified potential signaling molecules that could be involved in Act-induced apoptosis.
Although the impetus for signaling is not known, it seems probable that Act directly modulates one or more host cell signaling pathways. To investigate global cellular responses to Act and possibly identify new genes involved in Act-induced signaling, we applied DNA array technology. In an attempt to address the notorious variability commonly seen with data generated from microarrays, we performed the experiments in triplicate with three time points, generating a total of nine arrays. Additionally, we employed several different analysis techniques and expected a high level of consistency to allow a treatment-induced change in gene expression to be considered significant. Our data were quite consistent, with 76 genes identified as significant across all analyses. The microarray data clearly demonstrated a strong host cell inflammatory response to Act, up-regulation of several genes not previously known to be induced by Act, and the strong likelihood of apoptosis as the mechanism of Act-induced cell death.
We verified Act-induced changes in the expression of several genes, including macrophage inflammatory protein-2 (Mip-2), Mip-1␣, RANTES (regulated on activation normal T cell expressed), JunB, TNF receptor-associated factor 1 (TRAF1), T-cell death-associated gene 51 (TDAG51), suppressor of cytokine signaling 3 (SOCS3), and growth arrest and DNA-damage-inducible protein GADD45␤, by enzyme-linked immunosorbent assay (ELISA) or real-time RT-PCR. Selection of genes to be verified was based on their known involvement in inflammatory, apoptotic, or stress responses. For example, Mip-2, Mip-1␣, and RANTES are potent chemokines that contribute to the recruitment of circulating monocytes into inflamed tissues (11) . SOCS3, on the other hand, is itself activated by cytokines and serves to alter subsequent cytokine signaling, possibly as a negative feedback mechanism to dampen excessive inflammation (12) .
EXPERMENTAL PROCEDURES
Cell Culture-The murine macrophage cell line RAW 264.7 was purchased from the American Type Culture Collection (Manassas, VA). The cells were cultured at 37°C and 5% CO 2 in Dulbecco's minimal essential medium (Invitrogen) containing 4.5 g/liter glucose, 10% fetal bovine serum, 2 mM L-glutamine, and antibiotics penicillin (100 units/ ml), and streptomycin (0.1 mg/ml). For each experiment, 5 ϫ 10 5 cells/ml were plated in 35-mm dishes and allowed to attach overnight. The medium was removed, and fresh medium containing the stimulant (6 ng/ml, unless otherwise stated, lipopolysaccharide (LPS)-free Act) was added (7) . After each time point, the supernatant was collected and RNA extracted using the RNAqueous kit (Ambion, Austin, TX) according to the instructions from the manufacturer.
Microarray Analysis-RNA was isolated at 0, 2, and 12 h from Act-treated macrophages, and 20 g of total RNA was processed for microarray analysis. Briefly, cDNA synthesis, in vitro transcription, and labeling and fragmentation to produce the oligonucleotide probes were performed as instructed by the GeneChip manufacturer (Affymetrix, Santa Clara, CA). The probes were first hybridized to a test array (Affymetrix) and then to the GeneChip murine genome MGU74Av2, both performed using the GeneChip Hybridization Oven 640. The chips were washed in a GeneChip Fluidics Station 400 (Affymetrix), and the results were visualized with a Gene Array scanner using the Affymetrix software. Data were analyzed using MAS 5.0 software (Affymetrix), Significance Analysis of Microarrays (SAM; Stanford University, Stanford, CA), GeneSpring 4.2 (Silicon Genetics, Redwood City, CA), and analysis of variance (ANOVA). Computational hierarchical cluster analysis was performed using Spotfire DecisionSite 7.1 (Spotfire Inc., Somerville, MA), Cluster/Treeview (Eisen Laboratory, University of California, Berkeley, CA), 2 CLUSFAVOR 6.0 (Baylor College of Medicine, Houston, TX), and ArrayMiner2 (Optimal Design, Brussels, Belgium). Principal component analysis (PCA) was performed using Spotfire 7.1.
RT-PCR-The Advantage RT-PCR kit (Clontech, Palo Alto, CA) was used to synthesize cDNA from total RNA of Act-induced RAW cells as described by the manufacturer. Briefly, to 1 g of total RNA was added oligo(dT) 18 primer (20 M) in a total volume of 12.5 l made up with diethyl pyrocarbonate (DEPC)-treated water. The RNA and primer were heated at 70°C for 2 min and then quenched on ice immediately. Subsequently, the following reagents were added: 4.0 l of 5ϫ reaction buffer (Clontech), 1.0 l of deoxynucleoside triphosphate (dNTP) mixture (10 mM each), 0.5 l of recombinant RNase inhibitor (40 units/l), and 1.0 l of recombinant Moloney murine leukemia virus RT (200 units/l). The mixture was incubated at 42°C for 1 h, and the cDNA synthesis was stopped by heating the reaction mixture at 94°C for 5 min. The reaction mixture was then diluted to a final volume of 100 l with DEPC-treated water. The Advantage 2 PCR kit (Clontech) was used to amplify the cDNA by PCR as described by the manufacturer. Briefly, the following reagents were added to 5 l of cDNA sample: 5 l of 10ϫ PCR buffer, 36 l of sterile water, 1 l of dNTP mixture (10 mM each), 1 l of Advantage Taq DNA polymerase (5 units/l), 2 l of premixed human GAPDH amplimer (10 M (each) primer; for internal control), and 2 l each of the tested primer pairs (20 M) for mouse Mip-1␣ (fragment size, 154 bp) and mouse RANTES (fragment size, 177 bp) (obtained from BioSource International, Camarillo, CA) or 1 l each of custom-designed 5Ј and 3Ј oligonucleotides for JunB (fragment size, 848 bp), TRAF1 (fragment size, 423 bp), and TDAG51 (fragment size, 349 bp). Custom-designed primers used were as follows: 5Ј-ACGGAG-GGAGAGAAAAGCTC-3Ј (forward) and 5Ј-ATGTGGGAGGTAGCTGA-TGG-3Ј (reverse) (JunB), 5Ј-GCACTTGGTGAAGGAGAAGC-3Ј (forward) and 5Ј-GTCTTCTTGCCTGAGCCATC-3Ј (reverse) (TRAF1), and 5Ј-GAAGGATGCTGGAGAACAGC-3Ј (forward) and 5Ј-CGAAAGTCGAT-CTCTTTGCC-3Ј (reverse) (TDAG51). PCR was performed by temperature cycling (30 cycles of 94°C for 45 s, 60°C for 45 s, and 72°C for 2 2 Eisen laboratory (rana.lbl.gov/EisenSoftware.htm). min and a final extension at 72°C for 7 min). The PCR product was run on a 0.8% agarose gel (for JunB) or a 2% agarose gel and subjected to densitometric scanning, and the -fold increase in the level of a particular cDNA was normalized to the GAPDH product. Each experiment included a negative control in which RNA was omitted from the RT mixture and cDNA was omitted from the PCR. ELISA-The purified anti-Mip-2 capture antibodies (Pharmingen, San Diego, CA) were diluted to 1-4 g/ml in binding solution (0.1 M Na 2 CO 3 , pH 9.0) and then added to the wells of an enzyme immunoassay high-binding microtiter plate (Corning Costar, Corning, NY). After overnight incubation at 4°C, the capture antibodies were removed, and any nonspecific binding was blocked by adding 200 l of blocking buffer (1% bovine serum albumin in phosphate-buffered saline (PBS)) to each well. The plate was incubated at room temperature for 1-2 h, after which wells were washed three times with PBS-Tween 20 (0.05%) buffer. An aliquot (100 l) of sample or standard was added, and the plate was incubated overnight at 4°C. After incubation, the plate was washed four times with PBS-Tween, detection antibodies (biotinylated anticytokine; Pharmingen) were diluted to 0.5-2 g/ml in blocking buffer-Tween and added to the wells, and the plate was incubated for 1 h at room temperature. After the plate was washed four times with PBS-Tween, an enzyme conjugate (streptavidin-conjugated horseradish peroxidase) was diluted to an optimal concentration in blocking bufferTween and added to the wells. The plate was incubated at room temperature for 30 min and then washed five times with PBS-Tween. Next, 2,2Ј-azinobis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) substrate solution (150 mg of ABTS in 0.1 M anhydrous citric acid, adjusted to pH 4.35 with sodium hydroxide) was vortexed, and 100 l of 3% H 2 O 2 was added to each 11 ml of substrate solution. A 100-l aliquot was dispensed in each well, and the plate was incubated (5-80 min) for color development. The color reaction was stopped by adding 50 l of stopping solution (20% SDS, 50% dimethyl formamide), and the optical density was read with a microtiter ELISA plate reader (Molecular Devices Corp., Sunnyvale, CA) at 405 nm.
Real-time RT-PCR-Real-time quantitative RT-PCR was performed on the LightCycler thermal cycler system (Roche Diagnostics, Indianapolis, IN) using SYBR Green I dye (Qiagen, Valencia, CA) as described by the manufacturer. Briefly, 200 ng of RNA was placed into a 20-l reaction volume containing 1 g of each primer, 10 l of SYBR Green PCR master mix, and 0.2 l of reverse transcriptase. A typical protocol included reverse transcription at 55°C for 20 min and a denaturation step at 95°C for 15 min followed by 40 cycles with 95°C denaturation for 15 s, 55°C annealing for 20 s, and 72°C extension for 20 s. The temperature transition rate was set at 20°C/s. Detection of the fluorescent product was performed at the end of the extension period at 80°C for 10 s. To confirm amplification specificity, the PCR products were subjected to a melting curve analysis. Negative controls containing water instead of RNA were concomitantly run to confirm that the samples were not cross-contaminated. Targets were normalized to reactions performed using GAPDH amplimers (BIOSOURCE), and -fold change was determined with the LightCycler analysis software, as previously described (14) . Custom primers were designed as follows: 5Ј-AAGCTGACAGGATATCGGCGA-3Ј (forward) and 5Ј-AAG-ATGACTCGGAGGATCTTCGGTGCC-3Ј (reverse) (JunB), 5Ј-AAGAG-ATCGACTTTCGGTGCC-3Ј (forward) and 5Ј-TGCTTCTGCCTGGTAG-ACTTGA-3Ј (reverse) (TDAG51), 5Ј-CGAGTTTCAATTTGGTTGCCC-3Ј (forward) and 5Ј-CCGATCCTCATCATCTCTCAGG-3Ј (reverse) (TRAF1), 5Ј-AAGATTCCGCTGGTACTGAGCC-3Ј (forward) and 5Ј-TT-CTCATAGGAGTCCAGGTGGC-3Ј (reverse) (SOCS3), 5Ј-CCTGCGGA-ACAGTGAAATGTG-3Ј (forward) and 5Ј-AGCGATCTGTCTTGCTCAG-CAC-3Ј (reverse) (GADD45␤). These primers would amplify DNA fragments in the size range of 100 -250 bp that is optimal for real-time RT-PCR.
Detection of Macrophage Apoptosis by Flow Cytometry AnalysisVariously stimulated macrophages (1 ϫ 10 6 ) were stained with annexin V conjugated to fluorescein isothiocyanate (FITC) and propidium iodide (PI) by using a TACS annexin V-FITC staining kit (R&D Systems, Minneapolis, MN) according to the instructions from the manufacturer. Briefly, cells were suspended in 100 l of annexin V binding buffer and incubated with 1 l of annexin V and 10 l of PI for 15 min at room temperature in the dark. Four hundred l of annexin V binding buffer was then added, and at least 20,000 cells were acquired in a FACSCalibur flow cytometer using the CellQuest 3.0.1 software (Becton Dickinson, Mountain View, CA). Percentages of cells undergoing apoptosis were determined by dual-color analysis. This staining allowed us to distinguish three subsets of cells: viable cells (annexin V-negative and PI-negative), early apoptotic cells (annexin V-positive and PI-negative), and late apoptotic or necrotic cells (annexin V-positive and PI-positive). Immediately after staining, the cells were analyzed on a flow cytometer using 488-nm excitation and a 525-nm bandpass filter for FITC and a 620-nm filter for PI detection.
Analysis of DNA Fragmentation-DNA was extracted from stimulated macrophages using the Suicide-Track DNA Ladder Isolation Kit (Oncogene Research Products, Boston, MA). Monolayer cells and cells in the supernatants were lysed, centrifuged at 1000 ϫ g and processed further as described by the manufacturer. The DNA was ethanol-pre-FIG. 1. SAM plot for 0 versus 2 h of treatment of macrophages with Act. SAM was used to compare signal values for 0 and 2 h from each experiment (six arrays). Data were analyzed in Excel using the two-class, unpaired, and blocked options with the additional requirement of at least a 2-fold change in gene expression. The ␦ value (0.375) chosen yielded the greatest number of significant genes (151) with the lowest false detection ratio (8.3/151 ϭ 5.5%). See Table II for example output ␦ values generated by SAM. Significantly up-regulated genes are shown in red, and significantly down-regulated genes are shown in green.
cipitated, air-dried, and suspended in 50 l of the kit resuspension buffer. Samples were run on a 1.5% agarose gel and visualized with ethidium bromide staining under UV light.
Gel Shift Analysis-Gel shift assays were performed as previously described (7) with only minor modifications. Briefly, oligonucleotides corresponding to the consensus AP-1 (5Ј-AGCTTGATGACTCAGCCG-GAA-3Ј) were annealed by the supplier (Bio-Synthesis, Inc., Lewisville, TX) and labeled using T4 polynucleotide kinase (Promega, Madison, WI) according to the manufacturer. Next DNA-binding reaction mixtures were assembled. We used unlabeled AP-1 consensus oligonucleotide as a specific competitor, unlabeled AP-2 or SP-1 consensus oligonucleotides as nonspecific competitors (Promega), and nuclear extracts from specific time points after Act treatment of RAW cells. Nuclear extracts were prepared using the NE-PER kit (Pierce) as described by the manufacturer. The reaction mixtures were incubated at room temperature for 10 min, followed by addition of 20,000 cpm of 32 P-labeled transcription factor consensus oligonucleotide, and incubation for 20 min at room temperature. Subsequently, 1 l of gel loading 10ϫ buffer (Promega) was added to each reaction mixture and samples (5-20 g) were loaded on a nondenaturing 4% polyacrylamide gel. The gel was pre-run in 0.5ϫ Tris-borate-EDTA buffer for 30 min at 100 V before loading the samples. After completion of the run, the gel was transferred to Whatman 3MM paper, dried at 80°C for 5 h, and exposed to x-ray film overnight to 48 h.
All of the experiments were performed at least in triplicate, and representative data are presented.
RESULTS

Act Induces Up-regulation of Inflammatory Genes, Cytokines, Chemokines, Adhesion Molecules, and Transcription Factors in
Murine Macrophages-RAW 264.7 cells were treated with a sublethal dose of Act (6 ng/ml) for 0, 2, and 12 h, and the RNA was isolated and applied to MGU74Av2 GeneChips. The experiment was performed in triplicate, and these independent experiments generated a total of nine arrays, each representing ϳ6,000 characterized murine genes and ϳ6,000 expressed sequence tag clusters. For each experiment (0-, 2-, and 12-h treatments), the genes represented on the three arrays were normalized using the Affymetrix Microarray Suite 5.0 software (MAS 5.0). Approximately 6,000 genes were disregarded in all analyses, except for clustering, as a result of their lack of expression on any of the nine arrays. The data was analyzed separately using four different techniques: MAS 5.0, SAM, GeneSpring 4.2, and ANOVA. A change in gene expression was considered significant if the p value was less than 0.05, the -fold change at least 2.0, and increased gene expression occurred in at least two out of three experiments. A total of six pairwise comparisons were performed (0 versus 2 and 0 versus 12 h for each of the three experiments) using the MAS 5.0 software. Based on these criteria, 157 genes were up-regulated and 35 down-regulated from 0 to 2 h after treatment of macrophages with Act. From 0 to 12 h, 220 genes were up-regulated and 167 were down-regulated (Table I) . For comparison, the number of significant genes identified by SAM and GeneSpring 4.2 are also included in Table I. SAM software was used to perform two-class unpaired, blocked comparisons for 0 versus 2 and 0 versus 12 h of Act treatment in macrophages. An advantage of SAM is that it generates a table of ␦ values based on the input signal values that attaches a false detection ratio (FDR) to any given number of genes called significant (Table II) . We chose ␦ values that captured the largest number of significant genes with the lowest FDRs. For 0-versus 2-h treatments, we chose a ␦ value of 0.38 and -fold change cutoff of 2.0, which yielded 151 significant genes with an FDR of 5.5% (Fig. 1 , Table II ). For the 0-versus 12-h treatment, SAM generated higher FDRs and yielded fewer genes. For example, a ␦ value of 1.09 yielded only 10 significant genes with an FDR of 19.9% (Table II) . For every analysis method used, including clustering programs, gene expression profiles were much more consistent and reproducible for 0 versus 2 h treatments, and more genes were considered significantly changed by Act treatment of macrophages by 2 h than 12 h. The earlier time point (2 h) is most reliable for studying signaling events, which, given the fact that Act is cytotoxic, should prove useful for elucidating the mechanism of action of Act and its direct effect on host cells. We also performed a multi-class, blocked comparison of all 9 arrays using SAM, which generated 19 significant genes with a ␦ value of 1.58 and FDR of 4.7% (Table II ). All 19 of these genes were also deemed significant by SAM for the two-class, unpaired blocked comparison of 0-and 2-h treatments, and 18 of them were considered significant by all four analysis methods. Given the fact that the expected number of falsely called genes was ϳ1 (FDR ϭ 4.7% of There were 88 genes that were considered significantly altered by Act treatment for all three experiments (center where all circles intersect). B, comparison of 0 versus 12 h of treatment from each experimental replicate. There were 45 genes that were considered significantly altered between 0 and 12 h for all three experiments. G98, G133, and G225 represent the three independent experimental array sets (0, 2, and 12 h).
TABLE III Most significant genes up-regulated by Act in macrophages from 0 to 2 h as determined by four separate analysis methods (grouped by function)
Genes listed twice were represented on the GeneChips by more than one probe set, and each was determined separately to be significantly up-regulated by Act. Minus sign (Ϫ) before the number indicates down-regulation of the gene. 19) and that all but 1 of the 19 genes were also called significant using other analysis methods, we considered SAM to be a useful tool for data mining. The one gene detected by SAM using the multi-class option that was not later included in the most significant gene lists was nuclear autoantigen Sp-100, which was deemed non-significant based solely on the ANOVA value (0.83). GeneSpring 4.2 software was used to further normalize the data, perform pairwise comparisons and hierarchical clustering, and to create Venn diagrams. Data were normalized across all genes and all arrays to allow replicate time points to be averaged and combined. In addition, the experiments were analyzed separately using GeneSpring. Pairwise comparisons were performed for each experiment (0-versus 2-h and 0-versus 12-h treatments), Venn diagrams created for each comparison, and genes included in the significant gene list only if they changed significantly for all three experiments. For 0-versus 2-h treatments, 88 genes were significantly up-regulated or down-regulated for all three experiments ( Fig. 2A) . Following the same trend seen with other analysis methods, only 45 genes were significantly changed for 0-versus 12-h treatments (Fig. 2B) .
Finally, ANOVA was performed on all genes from the nine arrays, and a change in gene expression was considered significant if the p value was less than 0.05. Genes that were deemed significant by all four analytical techniques (MAS 5.0, SAM, GeneSpring 4.2, and ANOVA) were compiled into lists that included 84 probe sets representing 76 genes for 0-versus 2-h treatments (Table III) and 10 genes for 0-versus 12-h treatments (data not shown). Examples of genes up-regulated from 0 -12 h included LIM and SH3 protein 1 (Lasp1), interferoninduced 15-kDa protein, ␤ Fc receptor type II, and CD82 antigen. For all analysis methods, the 0-versus 2-h comparison yielded the greatest number of genes with the highest consistency, and we therefore focused on those 76 genes. The majority of the significant genes were associated with inflammation or stress response (e.g. TNF, granulocyte colony-stimulating factor, Mip, glutaredoxin 1, etc.), which was expected, given the inflammatory response induced by Act (7, 8) . There were also several apoptotic genes (e.g. those for Bcl-10, BimEL, GADD45, TDAG51), which were up-regulated, suggesting that apoptosis could be the mechanism whereby Act kills host cells.
Application of Principal Component Analysis to Assess Global Trends in the Data and to Functionally Group Act-induced
Genes-To reduce the dimensions of the data and describe the (Fig. 3A) . We interpreted the first principal component (P1) as the average expression level of macrophage genes irrespective of treatment. We interpreted P2 to represent those genes, which were up-regulated between 2 and 12 h as a result of Act treatment. We considered the third principal component (P3) to primarily represent early induction of genes by Act treatment. PCA has previously been shown to be a powerful tool for grouping similarly expressed genes into functional sets (15) . We interpreted the PCA results (based on component loadings) to attach biological meaning to the components and organized the genes that were most highly correlated with P2 and P3 into two separate lists of 100 genes each. In other words, we grouped together those genes for which expression patterns most resembled that of P2 and P3 as depicted in Fig. 3B . Most genes highly loaded on component 3 (genes up-regulated by 2 h) were related to inflammation as expected. Likewise, genes highly loaded on component 2 (genes up-regulated between 2 and 12 h) were mainly associated with an immune response, although with fewer cytokines and more genes related to metabolism and protein synthesis and turnover. The 15 most highly correlated genes for each component are listed in Table  IV . The PCA results confirmed the data obtained from the other analysis methods used, and many of the genes that correlated with the third component were also included in the most significant gene list (Table III) .
Inflammatory Genes Induced by Act Follow a Similar Expression Pattern-To identify groups of genes with similar expression patterns, we employed four separate software programs to perform hierarchical clustering: Cluster/Treeview, FIG. 4 . Hierarchical cluster of genes obtained using Cluster/ Treeview. The Cluster/Treeview software programs were used to perform hierarchical clustering on -fold change values generated by Affymetrix MAS 5.0 software for 0 versus 2 h and 2 versus 12 h. The cluster shown represents those macrophage genes that were transiently up-regulated by Act at 2 h. Red squares represent genes that were up-regulated, green squares represent down-regulation, and black squares represent no change. Gene names are printed to the right of the cluster. G98, G133, and G225 represent the three independent experimental array sets (0, 2, and 12 h). These genes are also represented in the list of most significant genes up-regulated by Act from 0 to 2 h (Table III) . (Fig. 4) demonstrated a set of genes that were up-regulated by 2 h (shown in red) and downregulated between 2 and 12 h (shown in green). Genes for which expression did not change for the indicated time points are represented by black squares. CLUSFAVOR 6.0, Spotfire DecisionSite 7.1, and ArrayMiner2 were used to cluster normalized intensity values from all nine arrays (Figs. 5-7) . A cluster representing 49 probe sets was obtained using CLUSFAVOR 6.0 (Fig. 5) and exhibited the same pattern as that obtained using Cluster/Treeview (Fig. 4) . Gene expression increased between 0 and 2 h (green to red) and fell back nearly to base line between 2 and 12 h (red to black/ green). A linear representation of the gene expression pattern for the cluster is shown in Fig. 5B . Similar results were obtained with each of the clustering programs, and several genes consistently clustered together (Figs. 4-7) . Each of the time point replicates clustered together, with the 0-and 2-h time points clustering more closely together than the 12-h time points. There was one major cluster representing genes up-regulated by 2 h, the majority of which were related to immune response, stress, and apoptosis. There were 22 genes that clustered together for each of the four hierarchical clustering programs, all of which were also considered significant by the four analytical techniques: MAS 5.0, SAM, GeneSpring 4.2, and ANOVA (denoted by asterisk in Table  III ). The similar expression pattern of these genes, as determined by clustering, suggested their involvement in the same signaling pathway or in separate but co-regulated pathways. (Table V) . Three macrophage inflammatory proteins (Mip-1␣, Mip-1␤, and Mip-2) were significantly up-regulated by Act, based on all microarray analyses, and they clustered together for all four clustering programs used (Table III) . We therefore verified up-regulation of Mip-1␣ by RT-PCR and of Mip-2 by ELISA. As shown in Fig. 8 and Table V, Mip-1␣ was up-regulated Ͼ500-fold by 2 h but less than 3-fold at 12 h. These results were consistent with the microarray analyses data and clustering results (early, transient up-regulation in response to Act). Likewise, Mip-2 was induced by Act at 8 h (earliest time point tested) with an additional increase in protein levels at 12 h (Fig. 9) .
Confirmation of Up-regulated Genes by ELISA and Real-time RT-PCR-To
Because most of the Act-induced genes were inflammatory in nature, we also examined up-regulation of the chemokine RANTES by RT-PCR. RANTES was not included in the significant list of genes up-regulated by Act between 0 and 2 h, but this was not surprising because RANTES is known to be transcribed later during the inflammatory process than other related chemokines, such as Mip-1␣ and Mip-2 (16, 17) . As shown in Fig. 8 and Table V , RANTES was up-regulated 1.8-fold by 2 h and 7.5-fold by 12 h, which is consistent with later gene induction.
Because we were interested in the cell-signaling events induced by Act and toxin-induced cell death, we chose five other genes for verification: those for the AP-1 transcription factor JunB, the anti-apoptotic protein TRAF1, the stress and apoptosis-related TDAG51, SOCS3, and a cDNA with 94% homology to growth arrest and DNA-damage-inducible protein GADD45␤. According to the microarray analysis results, JunB was up-regulated by Act 3-5-fold by 2 h. As shown in Fig. 8 and Table V , we verified JunB up-regulation by RT-PCR (9.4-fold induction within 2 h). TRAF1 was up-regulated 25-32-fold by Act, and TDAG51 was up-regulated 31-42-fold, according to the microarray analysis. Up-regulation of both gene products was verified by RT-PCR (11-and 28.4-fold, respectively), which was similar to -fold inductions determined by microarrays (Fig. 8 and Table V) . Likewise, Act-induced up-regulation of SOCS3 and the FIG. 6 . Hierarchical cluster of genes obtained using Spotfire DecisionSite 7.1. Normalization and treatment comparisons were made for all nine arrays using Spotfire software, and hierarchical clustering was performed on genes significantly altered by Act treatment (p value less than 0.05). Higher signal values are shown in red, and lower signal values are shown in green. The circled cluster represents genes that were transiently up-regulated at 2 h (genes listed to the right). G98, G133, and G225 represent the three independent experimental array sets (0, 2, and 12 h).
cDNA representing GADD45␤ was confirmed by real-time RT-PCR, with -fold inductions of 6 and 54.8, respectively (Table V) .
Act Induces Apoptosis in Murine Macrophages-Microarray analysis uncovered several genes involved in apoptosis that were induced upon Act treatment. It is known that Act is cytotoxic, and the array findings suggested that the mechanism of cell death could be apoptosis. To test this hypothesis, RAW 264.7 cells were cultured with various doses of Act for 0, 2, 4, 6, 8, and 12 h and assayed for annexin V and propidium iodide staining by flow cytometry. To minimize artifacts that result FIG. 7 . Hierarchical cluster of genes obtained using ArrayMiner2. A, hierarchical cluster generated using ArrayMiner2 shows early up-regulation of a subset of genes in Act-treated macrophages. Clustering was performed on signal values from all nine arrays, which are represented by nine columns (three 0-h time points, three 2-h time points, and three 12-h time points (from left to right)). Signal values range from low (bright green) to medium (black) to high (bright red) as shown in the color legend. As seen in the cluster represented, the 2-h time points (middle three columns) show a pattern of high gene expression compared with 0 h (left three columns) or 12 h (right three columns). B, graphic representation of the same cluster, with time points on the abscissa (three 0-h time points, three 2-h time points, and three 12-h time points (from left to right)) and relative gene expression on the coordinate. As shown by the graph, gene expression values increase from 0 to 2 h and fall back nearly to base line by 12 h. C, list of genes found in the cluster.
with adherent cells, we used a non-enzymatic solution to remove the cells from the tissue culture dishes for the assay. As shown in Fig. 10 , Act caused apoptosis of macrophages, which was dose-and time-dependent (dose curve data not shown). Annexin staining of Act-treated cells at 2 h (2.9%) was comparable with that of untreated cells (4.3%). Cells treated with Act for 4 h exhibited apoptosis (16.9%), and by 6 h the percentage of apoptosis (28.4%) was nearly that of the cycloheximidetreated positive control (36.3%). Late apoptotic or necrotic cells increased with time, as demonstrated by increases in annexin and propidium iodine staining (Fig. 10, upper right quadrants) . We also confirmed the apoptosis data by examining DNA laddering. Cells were treated at 0, 4, 6, 8, 10, and 12 h with 20 ng/ml Act, the DNA was isolated, and ladders were visualized by gel electrophoresis. As seen in Fig. 11 , ladders were apparent beginning at 6 h, which confirmed that apoptosis was the method of cell death induced by Act. Ladders were completely absent in untreated cells and declined after 8 h, which was consistent with further DNA degradation that occurred later in apoptosis. Taken together, the results demonstrated apoptosis as the mechanism of cell death induced by Act.
Act Causes Activation of the AP-1 Transcription Factor in Murine Macrophages-According to microarray analyses, AP-1 transcription factor subunits JunB and Fos-like antigen 1 (Fra-1) were up-regulated in Act-treated macrophages. Furthermore, Act has been shown to induce the production of TNF-␣, which is known to activate the transcription factor AP-1 in macrophages (18) . We therefore performed gel shift assays to detect AP-1 activation in these cells. Fig. 12 clearly demonstrates that Act caused nuclear translocation of a protein capable of binding a radiolabeled AP-1 binding sequence. The binding was strongly evident at 4 h but only weakly detectable by 8 h. We performed competition assays using unlabeled AP-1 (specific) and SP-1 or AP-2 (nonspecific) consensus oligonucleotides. As shown in Fig. 12 , addition of the specific competitor completely abrogated binding, whereas the nonspecific competitor did not (data not shown), indicating that the band observed was indeed specific for AP-1.
DISCUSSION
The data obtained from the microarray analysis were consistent and reproducible. Several of the genes determined to be significantly up-regulated according to the microarray analyses were previously determined by traditional laboratory techniques to be induced by Act. For instance, up-regulation of TNF-␣ by Act in macrophages was demonstrated by Northern blot analysis and ELISA (7) . Additionally, induction of IL-1␤ by Act, which was deemed significant by three out of four analysis methods, was previously reported by Northern blot analysis (7) . Activation of NF-B was previously demonstrated by gel shift assay, and both the p105 and p49/p100 subunits were significantly up-regulated according to microarray data analysis (Table III) . Inhibitor of NF-B, I-B␣, was also up-regulated by Act according to all analyses and clustering techniques employed. This was expected, because NF-B negatively regu- lates itself by transcriptional activation of I-B␣ (19) . Up-regulation of adhesion factors, growth factors, and immune response molecules is consistent with the idea that Act induces activation of macrophages leading to an acute inflammatory response. Several apoptosis-related genes were up-regulated in murine macrophages by Act treatment (Table III) , which prompted us to confirm apoptosis as the mechanism of cell death. Whether Act directly induces apoptosis or causes it secondary to cell stress awaits further study, but the array results strongly suggested the involvement of TNF-␣. In macrophages, binding of TNF-␣ to its receptor activates the transcription factors NF-B and AP-1, leading to induction of proinflammatory and immunomodulatory genes (18) . TNF-␣ rarely triggers apoptosis unless protein synthesis is blocked, most likely because of the presence of survival factors regulated by NF-B and c-Jun NH 2 -terminal kinase (JNK)/AP-1 that can suppress the apoptotic stimulus generated by TNF-␣ (20) . For example, NF-B induces the expression of genes that promote cell survival such as those coding for TNF receptor-associated factors 1 and 2 (TRAF1, TRAF2) and the cellular inhibitors of apoptosis 1 and 2 (c-IAP1, c-IAP2) (21) . However, inhibition of either the NF-B or JNK/AP-1 pathways sensitizes cells to apoptosis induction by TNF-␣ (22) . The microarray results indicated that Act induced transcription of NF-B (Table III) , and previous studies by our laboratory demonstrated activation of NF-B by gel shift assay (7, 8) . Conversely, our laboratory previously demonstrated an absence of AP-1 (c-Jun/c-Fos) activation in Acttreated macrophages (7), and the c-Jun transcript was absent according to the microarray analyses. Additionally, c-Fos gene expression was possibly down-regulated by Act treatment (significant for only two out of four analytical methods and, therefore, not included in Table III) . In this study, we were able to demonstrate activation of AP-1, but only at 4 h (Fig. 12) , which preceded Act-induced apoptosis (Figs. 10 and 11) . One explanation is that Act induces inhibition of TNF-mediated AP-1 (c-Jun/c-Fos) activity by action of the pro-apoptotic protein Bcl-10, the expression of which was up-regulated by Act treatment (Table III) . Bcl-10 has been shown to bind TRAF2, competitively inhibit TRAF2 interaction with c-IAP, and attenuate the JNK signaling pathway activated by TNF stimulation (23) . Alternatively, Act-induced apoptosis of macrophages may result from a change in the AP-1 composition from c-Jun-to JunB-containing complexes. Microarray analysis revealed that Act up-regulated expression of Fra-1 and JunB, the latter of which was confirmed by RT-PCR. Further studies are required to elucidate the significance of JunB up-regulation by Act and subsequent effects on transcription regulation.
Expressions of the anti-apoptotic protein TRAF1 and stress and apoptosis-related TDAG51 were up-regulated in Acttreated macrophages, both of which were subsequently verified by RT-PCR. TRAF1 works in conjunction with TRAF2 and c-IAPs to fully suppress TNF-induced apoptosis, which may be achieved via recruitment of c-IAPs that suppress caspase activation (21, 24) . It is unclear why TRAF1 was up-regulated in Act-treated macrophages, given the fact that toxin exposure leads to cell death. The most likely explanation is that TRAF1 inhibition of apoptosis is perturbed by some other cellular factor. Alternatively, Act-induced apoptosis may occur via a pathway that does not involve TRAF1. An argument for the latter hypothesis is the up-regulation of TDAG51 by Act. Originally, TDAG51 was suggested to be required for T cell receptor- dependent induction of Fas/Apo1/CD95 expression in murine T cell hybridomas (26) , but more recently TDAG51 has been shown to cause apoptosis via inhibition of protein synthesis (27) . It is therefore possible that TDAG51 contributes to Actinduced apoptosis of macrophages.
Three myeloid differentiation (MyD) primary response and growth arrest DNA-damage (GADD) genes were up-regulated by Act: MyD42 (JunB), GADD45 protein (homologous to GADD45␣), MyD118/GADD45␤, and also a cDNA representing GADD45␤ (Table III) . As mentioned earlier, JunB is a component of the transcription factor AP-1, which functions in terminal differentiation of hematopoietic cells, as well as in modulating stress-associated programmed cell death (28) . GADD45␣ and GADD45␤ are growth-suppressive and apoptotic proteins that interact with cell cycle proteins (28, 29) . We confirmed Act-induced up-regulation of the cDNA representing GADD45␤ by real-time RT-PCR (Table V) , but the significance of GADD45 proteins in Act-treated macrophages awaits further study.
Several cytokines were up-regulated by Act, including Mip-1␣, Mip-2, and RANTES, which were verified by RT-PCR or ELISA. Also up-regulated by Act was SOCS3, which is known to be induced by various cytokines and subsequently acts to alter cytokine signaling via feedback inhibition of the Janus kinase and signal transducer and activator of transcription pathway (12, 30) (Tables III and V) . Given the up-regulation of SOCS3 by Act and the transient nature of cytokine production by Act-treated macrophages, it is possible that Act-induced expression of SOCS3 is responsible in part for the eventual decrease in cytokine gene expression. Surprisingly, up-regulation of IL-6 by Act, which was previously demonstrated by RT-PCR and ELISA (7), was not detected by microarray analysis. This underscores the need to verify genes discovered using microarray techniques and to expect some false negatives. Our laboratory previously demonstrated Act-induced activation of the transcription factor CREB by gel shift assay, but transcriptional up-regulation of CREB was not detected by microarray analysis. One explanation for this discrepancy may lie in an inherent flaw of DNA array techniques, which is their detection of transcript induction but not protein activity, such as regulation by phosphorylation or inhibitor degradation. Other examples of non-transcriptional cellular responses to Act that were not detected using microarrays included calcium mobilization, ROS production, and activation of kinase cascades.
Regardless of the limitations of microarray techniques, however, there were changes in gene expression detected by microarray analysis that have been implied by previous studies. For example, we previously demonstrated Act-induced production of PGE 2 by ELISA. We also demonstrated, by Northern blot analysis, Act-induced up-regulation of a key prostaglandin synthesis enzyme, COX-2, and production of the necessary substrate, arachidonic acid, via up-regulation of PLA 2 (8) . Although it is unclear why the array data did not include up-regulation of either COX-2 or PLA 2 , we did not expect direct detection of PGE 2 production using microarrays, because prostaglandins are not proteins. However, the enzyme responsible for PGE 2 production, glucocorticoidregulated inflammatory prostaglandin G/H synthase, was 1-7) . Nuclear extract from RAW cells treated for 4 h with Act was mixed with unlabeled AP-1 consensus oligonucleotide (ϳ50-fold excess) before adding the labeled oligonucleotide (lane 8). The gel was dried and subjected to autoradiography.
deemed to be significantly up-regulated by Act by all analyses and clustering methods (Table III) . Our laboratory also demonstrated Act-induced cAMP production, which is in accordance with the up-regulation of adenosine A2b receptor as determined by microarray analysis (Table III) . Overall, the microarray data was confirmed a priori by traditional laboratory techniques, by real-time RT-PCR, and by demonstration of Act-induced apoptosis.
The data obtained using microarrays were consistent with previous in vivo experiments, which demonstrated that Act caused extensive inflammation and intestinal damage (2, 6, 31) . The transcripts determined to be up-regulated by Act, using microarrays, were also consistent with previous findings using RAW 264.7 cells (7, 8) , and many were inflammatory in nature. However, it is possible that signaling pathways induced by Act in RAW 264.7 cells may differ from those that occur in primary macrophages recruited during infection. Recent literature suggests that caution should be taken when extrapolating data from RAW 264.7 cells to primary cells (32) (33) (34) (35) . For instance, LPS has been shown to activate all three families of mitogen-activated protein kinases (MAPKs) in a rat alveolar macrophage cell line (NR8383) as well as in two murine macrophage cell lines (RAW 264.7 and J774A.1); however, LPS activates only the extracellular signal-regulated kinase 1/2 MAPK pathway in rat primary alveolar macrophages (32) (33) (34) . Additionally, rapamycin-induced inhibition of DNA synthesis was much less pronounced in bone marrow-derived macrophages than in the murine macrophage cell line BAC1.2F5 (35) .
Although it is generally accepted that cultured mammalian cells may differ to some extent in gene expression profiles compared with cells in vivo, RAW 264.7 cells behave similarly to primary macrophages in many respects (25, 36 -39) . For example, RAW 264.7 cells have been shown to secrete the potent vasorelaxant adrenomedullin in response to phorbol ester, retinoic acid, LPS, and interferon-␥. Mouse peritoneal macrophages were also shown to produce and secrete adrenomedullin at a rate similar to that of RAW 264.7 cells, and secretion was enhanced by LPS treatment (36) . RAW 264.7 cells behave similarly to primary human alveolar macrophages in response to Mycobacterium tuberculosis infection, specifically that M. tuberculosis-induced production of TNF-␣, but not of nitric oxide, is toll receptor-dependent (37) . Additionally, phagocytosis of diesel exhaust particles by RAW 264.7 cells or primary rat alveolar macrophages has been shown to lead to induction of apoptosis via production of ROS (38) . Anthrax lethal toxin kills both RAW 264.7 cells and primary mouse macrophages via a process that requires proteasome activity (39) . Double-stranded RNA elicits similar signaling responses from RAW 264.7 cells and primary mouse macrophages: inducible nitric-oxide synthase expression and IL-1 release, which depend upon NF-B activation (25) .
Although RAW 264.7 cells have been utilized widely and successfully as a model for the study of macrophage responses to a variety of stimuli, confirmation of data in primary macrophages is essential. Our future studies will therefore be aimed at confirming microarray results using murine peritoneal macrophages and a human monocyte/macrophage cell line (e.g. U937 cells). Act-induced apoptosis will also be examined in primary murine cells and U937 cells and the pathway and intermediates involved delineated. Such microarray studies using primary cells will be crucial in dissecting the definitive role of signaling molecules that ultimately leads to the disease state in the host during Aeromonas infection.
Based on several analysis methods, the microarray results revealed a set of consistent and significant genes that were induced in murine macrophages by Act. Our laboratory previously confirmed the up-regulation of many of these genes at the transcript and protein levels, lending credence to the data obtained using microarrays. In addition, we confirmed several Act-induced gene expression changes by ELISA and real-time RT-PCR. Twenty-two of the significant genes discovered using microarrays were also found to cluster together, suggesting their coordinated expression in one or more related pathways. Microarray analysis also revealed that Act induced up-regulation of several genes that were related to apoptosis, which we subsequently confirmed by annexin V staining and DNA laddering. Although our laboratory previously demonstrated that Act induces an inflammatory response in vitro and in vivo, the use of microarrays provided a global picture of early transcriptional responses to this toxin. Additionally, the microarray analysis uncovered genes induced by Act that were previously not suspected to play a role in the host response to A. hydrophila. Act-induced genes that were discovered using microarrays, such as Jun-B, TDAG51, and GADD45, are prospects for future research and may aid in the further elucidation of the mechanism of action of Act.
